Purpose Reactive oxygen species (ROS) are thought to contribute to the pathogenesis of necrotizing enterocolitis (NEC). Mitochondria as a major source of intracellular ROS and apoptotic signaling during oxidative stress in NEC have not been investigated. We sought to determine: (1) the effects of oxidative stress on intestinal mitochondrial apoptotic signaling, and (2) the role of growth factors in this process. Methods We used Swiss-Webster mice pups, and rat intestinal epithelial (RIE)-1, mitochondrial DNA-depleted RIE-1 cell line (RIE-1-q°) and human fetal intestinal epithelial cells (FHs74 Int) for our studies. Results H 2 O 2 induced apoptosis and ROS production. ROS-mediated activation of apoptotic signaling was significantly attenuated with mitochondrial silencing in RIE-1-q°cells. Growth factors, especially IGF-1, attenuated this response to H 2 O 2 in intestinal epithelial cells. Conclusions Our findings suggest that mitochondria are a major source of intestinal apoptotic signaling during oxidative stress, and modulating mitochondrial apoptotic responses may help ameliorate the effects of NEC.
Introduction
Increased production of free radicals and impaired antioxidant protection has been demonstrated in inflammatory bowel diseases, indicating a central role for reactive oxygen species (ROS) released by intestinal epithelial cells and neutrophils in their pathogenesis [1, 2] . ROS have also been implicated in the pathogenesis of necrotizing enterocolitis (NEC) [3] , a devastating disease affecting low birth-weight premature infants and frequently resulting in sepsis and death. Increased ROS have been shown to disrupt mucosal barrier function of intestinal epithelial cells characterized by increased permeability, impaired wound healing and imbalanced antioxidant response [4] [5] [6] [7] [8] [9] [10] .
The mechanisms behind ROS-mediated cell death are complex, and involve activation or dysfunction of cellular components, receptors, signal transduction pathways and DNA damage. There are multiple pathways leading up to a cell's demise, which frequently involve oxidative stress induced by either prolonged exposure to or high concentrations of ROS. There are two major endogenous ROS sources-mitochondria and cytosolic NADPH family of oxidases. The vast majority of intracellular ROS production is derived from the mitochondrial electron transport chain. Oxidative stress, characterized by a sharp rise in ROS, coupled with mitochondrial dysfunction and nuclear DNA damage, can contribute to a labile cell redox state, leading to apoptosis whenever a certain threshold for ROS accumulation is reached within a cell.
Mitochondrial dysfunction in intestinal epithelial cells has not been clearly elucidated. Recently, our laboratory examined the role of oxidative stress on mitochondrial homeostasis in intestinal epithelial cells during NEC, and we have found that cytokine (e.g., TNF-a)-mediated ROS generation in intestinal epithelial cells is predominantly of mitochondrial origin, and that TNF-a also induces significant mitochondrial functional derangements, including activation of various mitochondrial apoptotic molecules [11] . Our next aim was to determine the effects of H 2 O 2 -induced oxidative stress on mitochondrial apoptotic signaling.
We have previously shown that insulin-like growth factor (IGF)-1 pretreatment significantly attenuated oxidative stress-induced intestinal epithelial cell apoptosis. We also observed stabilization of mitochondrial membrane potential, suggesting that growth factor protective effect may in part affect mitochondrial apoptotic contribution in stressed cells [12] . Hence, we sought to determine whether two growth factors predominant in breast milk, IGF-1 and epidermal growth factor (EGF), would have an attenuating effect on oxidative stress-induced activation of mitochondrial apoptotic signaling in human fetal and rat intestinal epithelial cells. 
Materials and methods

Cell
In vivo NEC model
Timed pregnant Swiss-Webster mice were purchased (Charles River Labs, Pontage, MI, USA), pup littermates were obtained from litters at birth and randomized to control or NEC groups. Control animals were maternally reared. All mice in NEC group were hand-fed with KMR liquid milk replacer formula (0.3 cc/g/day; q 3 h). To induce NEC, pups were stressed twice daily with hypoxia by placing them in a plexiglass chamber, breathing 5% oxygen for 10 min. At 96 h, mice in NEC group developed abdominal distention, hematochezia, respiratory distress and lethargy. All surviving mice were killed and distal ileal sections were harvested for assays. Segments of ileum were fixed in formalin and stored in 70% ethanol for paraffin embedding. The remaining ileum was snap frozen in liquid nitrogen for protein analysis. Histologic sections were assessed and scored for severity of NEC by a pathologist (H. K. H.) in a blinded fashion.
Mitochondrial DNA-depleted rat intestinal epithelial cells
To determine whether mitochondria are the predominant source of intracellular ROS, cell death and apoptotic signaling during oxidative stress in intestinal epithelial cells, we established RIE-1-q°from parental RIE-1 cells. Silencing of mitochondrial function was achieved by maintaining RIE-1 cells in isolation Dulbecco's modified Eagle medium supplemented with 5% FBS, ethidium bromide (EtBr; 0.1 lg/mL), uridine (50 lg/mL), pyruvate (100 lg/mL) and glucose (4.5 g/L). To confirm successful mtDNA depletion in RIE-1-q°cell population, cells were evaluated with FACS cell sorting method for EtBr binding after 14-16 passages and cell lysates were analyzed for decreased mitochondrial cytochrome oxidase subunit 1 protein level using Western blot analysis (data not shown).
Western blot analysis RIE-1, mitochondrial DNA-damaged RIE-1-q°and FHs74 Int cells were treated with H 2 O 2 (500 lM, 30 min) alone or in combination with IGF-1 (100 nM, 30 min) or EGF (500 ng/mL, 30 min). Cell lysates were clarified with centrifugation (13, 200 rpm, 20 min at 4°C) and stored at -80°C. Protein concentrations were determined using the method described by Bradford [13] . Equal amounts of total protein (20-30 lg) were loaded onto NUPAGE 4-12% Bis-Tris Gel and transferred to PVDF membranes, incubated in a blocking solution for 1 h (Tris-buffered saline containing 5% nonfat dried milk and 0.1% Tween 20), incubated with primary antibody overnight at 4°C, and then incubated with horseradish peroxidase-conjugated secondary antibody. Anti-b-actin antibody, total Akt and ERK were used for protein loading control. APAF-1, apoptosisinducing factor (AIF), cytochrome C, p-Akt, p-ERK and ATP synthase b-subunit were used to probe membranes. to a fluorescent 2 0 ,7 0 -DCF. RIE-1 and RIE-1-q°(1 9 10 6 ) cells were treated with H 2 O 2 . Cells were trypsinized, washed and incubated with 10 lM DCFH-DA for 15 min at 37°C. To quantify the intensity of DCF fluorescence, the samples were analyzed on a Becton-Dickenson FAC Scan flow cytometer (488 nm Argon-ion laser, 525 ± 10 nm band pass emission filter).
Results
ROS-induced activation of mitochondrial apoptotic signaling
H 2 O 2 treatment resulted in increase in mitochondrial APAF-1, AIF and cytochrome C levels in RIE-1 cells. In contrast, a dramatic decrease in these mitochondrial apoptotic markers was noted in mitochondrial DNA-depleted RIE-1-q°cells after H 2 O 2 treatment (Fig. 1a) . We have previously shown increased baseline expression levels of APAF-1 and cytochrome C predominantly in mitochondrial isolates of RIE-1 cells, with overall diminished baseline levels of these markers in mitochondrial DNA-depleted RIE-1-q°cells [11] .
Next, we wanted to determine the effects of experimental NEC on intestinal mitochondrial apoptotic pathway activation. NEC resulted in significant upregulation of intestinal mitochondrial apoptotic signaling with increased expression of AIF, APAF-1 and cytochrome C levels, confirmed by densitometric analysis (Fig. 1b) . (Fig. 2a) . Similarly, intracellular rise in ROS generation during oxidative stress was significantly diminished in mitochondria-silenced cells, indicating that damaged mitochondria contribute to majority of the intracellular ROS in RIE-1 cells (Fig. 2b) .
Effects of IGF-1 and EGF on ROS-mediated cell death and mitochondrial apoptotic signaling
We have previously shown that oxidative stress induces activation of anti-apoptotic PI3-K/Akt signaling pathway, causing mitochondria-mediated intestinal epithelial cell apoptosis via oxidant-induced mitochondrial membrane potential drop. Moreover, we demonstrated enhanced survival of intestinal epithelial cells with IGF-1 pretreatment, and PI3-K-dependent restoration of mitochondrial membrane potential. Hence, we now wanted to determine whether growth factor pretreatment would affect intestinal epithelial cell survival via mitochondria-dependent manner. We first examined growth factor-dependent pathway activation in RIE-1 cells stimulated with IGF-1 and EGF, with enhanced activation of PI3-K/Akt survival pathway observed only with IGF-1 pretreatment of cells (Fig. 3a) .
This effect was not observed in EGF-pretreated cells. With IGF-1 pretreatment alone and in combination with EGF, we observed significant attenuation of DNA fragmentation and RIE-1 cell death, whereas, EGF pretreatment alone did not demonstrate any protective effect during oxidative stress in RIE-1 cells (Fig. 3b) . Next, we examined the expression of mitochondrial apoptotic markers in growth factor-pretreated RIE-1 cells during oxidative stress. Western blot analysis showed that IGF-1 and EGF significantly attenuated cytochrome C and AIF expression levels in RIE-1 cells during H 2 O 2 -induced oxidative stress without altering APAF-1 and ATP synthase b expression levels confirmed by densitometric analysis (Fig. 3c) . These findings suggest that growth factors, IGF-1 and EGF, may not directly affect expression levels of mitochondrial apoptotic markers, but might exert their anti-apoptotic effects via different, mitochondriaindependent mechanisms.
IGF-1 and EGF-pretreated FHs74 Int cells show increased survival during oxidative stress
Lastly, we wanted to compare and validate our findings in fetal human intestinal epithelial cells. As shown in Fig. 4a , we found significant cell death with H 2 O 2 -induced oxidative stress in FHs74 Int cells. Furthermore, we also found significantly decreased apoptosis with growth factor pretreatment; this protective effect was both IGF-1-and EGF-dependent (Fig. 4b) . Interestingly, there was no significant difference between IGF-1 and EGF groups. These results were in contrast to our RIE-1 data, where the protective anti-apoptotic effect observed during oxidative stress was primarily IGF-dependent.
To determine whether growth factor pretreatment of FHs74 Int cells during H 2 O 2 -induced oxidative stress exerted any attenuating effect on activation of mitochondrial apoptotic pathways, we analyzed cell lysates for the expression levels of mitochondrial apoptotic markers. Growth factor pretreatment, either IGF-1 or EGF alone, in FHs74 Int cells did not significantly alter the expression of mitochondrial apoptotic markers; however, in combination, IGF-1 and EGF pretreated fetal human intestinal epithelial cells showed significant attenuation of AIF, APAF-1 and cytochrome C mitochondrial apoptotic markers (Fig. 4c) .
These findings suggest that growth factors can alter mitochondrial apoptotic signaling and play anti-apoptotic role in FHs74 Int cells during oxidative stress.
Discussion
NEC is a challenging disease process with low survival rate that affects predominantly low birth-weight premature infants. Despite many clinical advances made over the years, premature infants are still at high risk of developing NEC occurring at random despite significant implementation of preventive measures such as protocol-based incremental enteral feeding regimen. Mitochondrial insults, including oxidative damage, can lead to significant ROS accumulation and further mitochondrial DNA damage, thus propagating death signaling [14] . Mitochondria are also the arsenal of pro-apoptotic signaling. Mitochondrion and its components are both the targets and mediators of oxidative injury [15] . The role of mitochondria in apoptotic signaling encompasses interpretation and amplification of cellular stress signals coming from various cellular compartments, which associate with mitochondrial plasma membrane by modifying its permeability. Activation of apoptotic signaling can take shape by several mechanisms that include cytochrome C release and activation of caspase signaling cascade. Non-caspase mechanism of mitochondrial apoptotic signaling involves mitochondrial pro-apoptotic molecules such as AIF, endonuclease G and Smac/DIABLO. In particular, AIF and endonuclease G release from mitochondrion into cytosol and translocation to nucleus induces direct nuclear DNA fragmentation, whereas Smac/DIABLO release into cytosol, coupled with increased ROS generation, further amplifies activated caspase signaling cascade. Such variety of mitochondria-regulated apoptotic signaling allows for programmed cell death execution at the time of cellular stress [16] [17] [18] . It becomes apparent that most cell signals that induce death commonly converge on mitochondria to initiate apoptotic pathway. Hence, mitochondria are early mediators of apoptosis and a major source of intracellular ROS.
In this study, we have demonstrated that oxidative stress leads to increased intracellular ROS production by mitochondria and activation of mitochondrial apoptotic signaling pathways in both human fetal and rat intestinal epithelial cells. We also observed attenuated apoptotic response with application of growth factors, IGF-1 and EGF, during oxidative stress-induced apoptosis and decreased expression of mitochondrial apoptotic markers. These findings suggest that during experimental and in vitro NEC, mitochondria play a pivotal role in further propagating oxidative stress and cell death by contributing the vast majority of newly produced intracellular ROS, and activating caspase-dependent and independent apoptotic signaling pathways. Furthermore, exogenous application of two major growth factors abundant in breast milk, IGF-1 and EGF, show significant protective effect, and warrant further in-depth investigations. Successful application of growth factors in the clinical setting of NEC may be of value, and further studies focusing on mitochondrial functional stabilization by the abovementioned and other growth factors may be of significant therapeutic value.
Modulating intestinal mitochondrial dysfunction and silencing mitochondrial apoptotic signaling may provide therapeutic benefit to the neonates with NEC.
